Introduction {#sec1}
============

Human milk feeding provides benefits to preterm infants including accelerated gut maturation and decreased infection rates ([@bib1]). There is evidence that an exclusively human milk--based diet, compared with one that includes bovine milk--based products, decreases rates of necrotizing enterocolitis (NEC) and death ([@bib2]), and is associated with better feeding tolerance in very-low-birth-weight (VLBW) infants born at \<1500 g birth weight (BW) ([@bib6]). Thus, the American Academy of Pediatrics recommends feeding mother\'s own milk (MOM), supplemented with donor human milk (DM) and fortified as needed for VLBW infants ([@bib7]).

To provide the benefits of human milk, the use of DM in neonatal intensive care units (NICUs) has increased when MOM is unavailable ([@bib8]). Numerous studies have favorably compared feeding of MOM to formula ([@bib9]) or DM to formula feeding ([@bib12]). However, relatively few studies have compared MOM to DM ([@bib15]), and they typically include milk supplementation with bovine-based fortifier which theoretically could have effects similar to formula supplementation. There are no randomized controlled trials comparing MOM with DM, because it is unacceptable to not give MOM when available ([@bib12]).

It has been hypothesized that many beneficial effects of human milk relate to how diet affects gut microbiota and the developing immune system. Evidence suggests an association between gut dysbiosis and disease states such as NEC ([@bib18], [@bib19]). Specifically, increases in Proteobacteria (e.g., *Escherichia coli*) and decreases in Firmicutes (specifically *Lactobacillus*), Actinobacteria (specifically *Bifidobacteria*), and Bacteroidetes have been implicated in the pathogenesis of NEC ([@bib18]). A longitudinal study by Warner et al. ([@bib20]) demonstrated dysbiosis in stools from infants before they developed NEC compared with stools from their healthy peers. A meta-analysis by Pammi et al. ([@bib21]) reported similar findings. Although the association between NEC and altered microbiota is confounded in that infants who develop NEC often experience greater antibiotic exposure before developing the disease, studies indicate that these changes may be important biomarkers for infants at risk of developing NEC and other complications of prematurity.

Trials comparing DM with formula illustrate that the benefit of human milk in preventing NEC and late-onset sepsis is not as clearly identified with DM as with MOM ([@bib8], [@bib22]). DM may be less beneficial for feeding tolerance and infection prevention due to pasteurization, which removes growth factors, hormones, human milk oligosaccharides, other immunological factors, and (most obviously) beneficial microbes ([@bib23]). Although breast milk appears to promote the development of protective microbiota ([@bib27]), it is unclear if the use of pasteurized DM does the same. Previous studies have raised the concern that DM is associated with poor growth in preterm infants ([@bib14]). However, Hair et al. ([@bib31]) found that preterm infants who received MOM, DM, and a DM-derived fortifier (thus avoiding any bovine products) demonstrated superior growth to infants who received a diet of MOM with bovine fortifier or formula.

To our knowledge, this study is the largest to compare intestinal microbiota and clinical outcomes between infants who receive a diet of primarily MOM and those who receive primarily DM, and the first to do so in the setting of an exclusively human milk diet (i.e., one that does not include formula supplementation or fortification with bovine-based fortifier). Our goal was to investigate differences in microbiota development based on type of human milk fed, with the hypothesis that feeding primarily MOM---with its live microbes and higher content of immune factors---is associated with increased microbial diversity and improved short-term outcomes including growth in VLBW infants compared with their peers fed pasteurized DM.

Methods {#sec2}
=======

This prospective cohort study (NCT02573779) included 125 VLBW inborn infants enrolled within the first 72 h of life in the NICU at Texas Children\'s Hospital---Pavilion for Women. Eligible study participants included premature infants born at \<1500 g BW with no barriers to enteral milk feeding. Exclusion criteria included anomalies or birth defects that precluded enteral feeding (e.g., gastroschisis), severe perinatal hypoxia, or \<50% projected survival based on the National Institute of Child Health and Human Development Neonatal Research Network Extremely Preterm Birth Outcome Data calculator ([@bib32]). The study was approved by the institutional review board at Baylor College of Medicine and supported with research nurse staff via the Baylor College of Medicine Clinical Research Center. All study procedures were in accordance with the ethical standards of Baylor College of Medicine. Written parental informed consent was provided for each infant enrolled in the study. Because of the well-established benefits of feeding MOM to VLBW infants, randomization in this study would have been unethical. The sample size was determined based on a primary endpoint of weight gain from birth to 36 wk post-menstrual age (PMA).

Enrolled infants were started on parenteral nutrition while gradually increasing enteral feeds with an exclusively human milk diet per our hospital\'s standardized feeding protocols for infants \<1250 g and 1250--1500 g BW (**[Supplemental Tables 1](#sup1){ref-type="supplementary-material"}** and **[2](#sup1){ref-type="supplementary-material"}**) at the discretion of the attending neonatologist on service. Decisions to decrease or temporarily withhold enteral feeding owing to medical instability were also made per the judgment of the attending neonatologist on service. Infants were preferentially fed MOM when available. When an infant\'s mother was unavailable, unable (despite attempts to express breast milk with lactation staff support), or unwilling by choice to express adequate milk volume for their infants, pooled DM (pasteurized by Prolacta Bioscience) was provided per hospital protocol. Feeds were fortified with a DM-derived fortifier (Prolacta Bioscience) and calories increased ≤32 kcal/oz (1 oz = 30 mL) with the addition of DM-derived cream (Prolacta Bioscience) for both MOM-fed and DM-fed infants as needed for growth until infants reached 34 wk PMA and 2 kg weight, per protocol. No enrolled subjects received either probiotics or acid-suppression medications because these are not routine practices within our unit.

Study cohorts were determined by overall percentage of enteral feeds consisting of MOM or DM from time of birth to study completion: those who received \>50% MOM were grouped into the MOM cohort, and those who received \<50% MOM were grouped into the DM cohort. This grouping was accomplished by reviewing the milk bank prep sheet for each infant every day he or she remained in the study and tallying the precise milliliter volume of MOM compared with DM received during the study period. Study participants remained in the study through 36 wk PMA or hospital discharge, whichever came first.

Stool samples, if available, were collected weekly from each enrolled infant for the first 6 wk of life, with the first sample of meconium collected as soon as possible after birth following study enrollment. Bacterial extraction and subsequent sequencing were performed as previously described ([@bib33]). DNA from stool samples was extracted using PowerSoil DNA isolation kits (Mo Bio Laboratories). Amplification and high-throughput sequencing targeting the V4 region of the 16S ribosomal RNA (rRNA) gene were performed using the NEXTflex 16S V4 Amplicon-Seq Kit 2.0 (BioScientific) and sequences were generated on the Illumina MiSeq platform with a median of 23,492 reads per sample. The forward primer sequence 5′-GACGCTCTTCCGATCTTATGGTAATTGTGTGCCAGCMGCCGCGGTAA-3′ and reverse primer sequence 5′ TGTGCTCTTCCGATCTAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT-3′ from the BioScientific kit were used to amplify the V4 region of the 16S rRNA gene. Sequence data were processed through the LotuS pipeline ([@bib34]). Briefly, reads were de-multiplexed and paired ends stitched. Quality filtering was performed before operational taxonomic unit (OTU) clustering (at 97% similarity) via the UPARSE algorithm ([@bib35]). Taxonomic assignment was performed with Ribosomal Database Project 2.10.1 as the classifier and SILVAv123 ([@bib36]) as the selected database. Organisms potentially classified to the species level were based on individual OTUs of significance. OTUs failing to classify as Bacteria at the kingdom level were removed before further analysis of the data set. Data were rarified using 1015 reads per sample. Bacterial community diversity, evenness, richness, and relative abundance of the OTUs identified in each sample were evaluated using QIIME ([@bib37]). A mixed-effects linear model with a first-order autoregressive covariance structure was used to compare groups' OTUs, Shannon Diversity Index (SDI), and organisms' relative abundance over time while accommodating the repeated measurements on the same patients. Principal coordinates analysis using the Bray-Curtis index as the distance metric was performed using Calypso ([@bib38]). Comparisons were made across weeks for the DM and MOM groups in parallel.

Primary outcomes included diversity of intestinal microbiota and growth velocities (weight, length, and head circumference). A trained research nurse obtained anthropometrics weekly (weight, length, and head circumference) as previously described ([@bib31]). Growth velocities were calculated from birth to 36 wk PMA or discharge (whichever came first). Secondary outcomes included feeding tolerance and rates of NEC, spontaneous intestinal perforation (SIP), late-onset sepsis, severe bronchopulmonary dysplasia (BPD), and death. NEC was defined as Stage IIA NEC per Modified Bell\'s Staging Criteria ([@bib39]). SIP was defined as intestinal free air on radiograph and/or directly visualized perforation via laparotomy. Late-onset sepsis was defined as positive blood cultures (not deemed contaminated) collected after 72 h of age. BPD was defined as the need for supplemental oxygen \>21% for \>28 d, and severe BPD was defined as the need for supplemental oxygen \>30% or positive pressure ventilation at 36 wk PMA. A preplanned composite outcome analysis of these severe morbidities---all associated with decreased incidence among human milk--fed infants in a prior study by Hair et al. ([@bib40])---and death was compared between the cohorts.

Feeding intolerance was assessed by multiple factors: the number of feeds held per total days of enteral feeding during the study period, the number of days required to reach the goal feeding volume (140--160 mL · kg^--1^ · d^--1^), days with no enteral feeds (nil per os) after feeding was initiated, and days of total parenteral nutrition. Statistical analysis of clinical outcomes was performed using Wilcoxon\'s rank-sum test and Fisher\'s exact test for bivariate analyses as well as multivariable linear and logistic regression analyses that adjusted for BW, duration of antibiotics in the first 14 d of life, as well as 2 baseline variables that were found to be significantly different: ethnicity and use of prophylactic indomethacin. SAS version 9.4 (SAS Institute Inc.) was used for data analysis.

Results {#sec3}
=======

Between September, 2015 and August, 2016, 223 infants \<1500 g BW were born at Texas Children\'s Hospital---Pavilion for Women. Of these, 33 infants were excluded (**[Supplemental Table 3](#sup1){ref-type="supplementary-material"}**), 59 could not be enrolled within 72 h, and 6 were not enrolled because their parents declined. Of the 125 enrolled infants, 8 were removed from the study owing to gastrointestinal defects or complications unknown at time of enrollment that precluded enteral feeding (**[Supplemental Table 4](#sup1){ref-type="supplementary-material"}**), leaving 117 infants who completed the study. Of the 117 infants who completed the study, there were 90 infants with adequate stools collected for analysis (**[Supplemental Figure 1](#sup1){ref-type="supplementary-material"}**). Baseline demographic data are displayed in [**Table 1**](#tbl1){ref-type="table"}.

###### 

Baseline demographics^[1](#tb1fn1){ref-type="table-fn"}^

                                                    MOM cohort (*n* = 74)   DM cohort (*n* = 43)   *P* value
  ------------------------------------------------- ----------------------- ---------------------- -----------
  \% MOM vs. DM in feeds                            91.2 ± 14.4             14.3 ± 15.5            \<0.0001
  Gestational age, wk                               28.7 ± 2.0              28.4 ± 2.5             0.62
  Birth weight, g                                   1107 ± 242              1066 ± 294             0.64
  Male, *n* (%)                                     39 (52.7)               25 (55.8)              0.65
  Ethnicity, *n* (%)                                                                               
   Caucasian                                        24 (32.4)               14 (32.6)              0.07
   African-American                                 27 (36.5)               13 (30.2)              
   Hispanic                                         15 (20.3)               15 (34.9)              
   Asian                                            8 (10.8)                1 (2.3)                
  SGA at birth (BW \<10th percentile), *n* (%)      10 (13.5)               7 (6.3)                0.68
  Received 2 doses of antenatal steroids, *n* (%)   62 (83.8)               36 (83.7)              0.99
  Cesarean delivery, *n* (%)                        61 (82.4)               38 (88.4)              0.39
  Apgars---5 min                                    7.7 ± 1.2               7.0 ± 2.2              0.31
  Empiric antibiotics ≤48 h after birth, *n* (%)    48 (64.9)               30 (69.8)              0.59
  Days of antibiotics in first 14 d of life         2.2 ± 2.1               2.4 ± 3.0              0.78
  Received prophylactic indomethacin, *n* (%)       11 (14.9)               17 (39.5)              \<0.01
  Received surfactant, *n* (%)                      48 (64.9)               31 (72.1)              0.42

^1^Values are means ± SDs (*P* value from Wilcoxon\'s rank-sum test) or *n* (%) (*P* value from Fisher\'s exact test). BW, body weight; DM, donor human milk; MOM, mother\'s own milk; SGA, small for gestational age.

Receipt of MOM differed widely between the 2 cohorts in a bimodal distribution, with infants grouped into the MOM cohort receiving on average 91.2% MOM compared with only 14.3% in the infants grouped to the DM cohort. Eighty-five percent of the enrolled subjects received either \>75% or \<25% MOM. The 2 cohorts were similar in all other baseline demographics except for higher usage of prophylactic indomethacin in the DM group (*P* \< 0.01). There were no differences in days of antibiotics received in the first 14 d of life between MOM- and DM-fed infants. Stool samples were selected for microbiota analysis from all infants who had samples collected at every time point (*n* = 90). In total, 546 stool samples from 90 infants---58 in the MOM cohort and 32 in the DM cohort---underwent microbiota analysis.

Microbiota analyses {#sec3-1}
-------------------

When evaluating the primary outcome of microbial community diversity across all time points measured, MOM infants demonstrated significantly higher diversity in terms of OTU richness (slope = 9.4, SE = 3.6, *P* = 0.013); however, SDI was not significantly different (slope = 0.22, SE = 0.14, *P* = 0.126) ([**Figure 1**A](#fig1){ref-type="fig"}, [B](#fig1){ref-type="fig"}).

![α-Diversity comparisons of gut microbiota from DM and MOM infants by age and antibiotic exposure. Using mixed-effects linear models for data analysis to look across all time points (*n* = 156 for MOM samples and *n* = 93 for DM samples), (A) observed OTU richness was significantly higher in the MOM group (slope = 9.4, SE = 3.6, *P* = 0.013), but (B) the SDI was not significantly different (slope = 0.22, SE = 0.14, *P* = 0.126). (C) For infants who received empiric antibiotics (≤48 h after birth) observed OTU richness was significantly higher in the MOM group (slope = 10.5, SE = 4.1, *P* = 0.028), but there was not a significant difference among infants who did not receive antibiotics (slope = 5.1, SE = 7.5, *P* = 0.497). (D) Among infants who received empiric antibiotics, the SDI tended to be higher for the MOM group (slope = 0.31, SE = 0.15, *P* = 0.068), but there was not a significant difference for MOM compared with DM among infants who did not receive antibiotics (slope = −0.12, SE = 0.29, *P* = 0.689). DM, donor human milk; MOM, mother\'s own milk; OTU, operational taxonomic unit; SDI, Shannon Diversity Index.](nqz006fig1){#fig1}

Principal coordinates analysis plots with Bray-Curtis dissimilarity ([**Figure 2**A](#fig2){ref-type="fig"}, [B](#fig2){ref-type="fig"}) results revealed a pattern of development with stool samples obtained during the first week of life clustering separately from those obtained during the second week of life, followed by separate clustering of samples obtained in the third or fourth weeks of life, suggesting a developmental pattern among fecal microbial communities in MOM-fed infants (*n* = 74) ([Figure 2B](#fig2){ref-type="fig"}). No obvious clustering was apparent within stool samples obtained from DM-fed infants (*n* = 43) ([Figure 2A](#fig2){ref-type="fig"}).

![β-Diversity among gut microbial communities from DM compared with MOM infants over time. (A) Bray-Curtis PCoA ordination of stool samples obtained at 1, 2, 4, and 6 wk of life from DM-fed infants. Samples obtained during the first week of life are shown in red, second week in blue, fourth week in gray, and sixth week in orange. No obvious clustering was apparent within samples obtained from DM-fed infants (*n* = 43). (B) Bray-Curtis PCoA ordination of samples obtained from MOM-fed infants. Results revealed a pattern of development with stool samples obtained during the first week of life clustering separately from those obtained during the second week of life, followed by separate clustering of samples obtained in the third or fourth weeks of life, suggesting a developmental pattern among fecal microbial communities in MOM-fed infants (*n* = 74). (C) When comparing longitudinal changes across samples from all study subjects, increasing relative abundance of Proteobacteria was observed. There were no significant differences observed at the phylum level during the first 2 wk of life. By week 4, microbiota from the MOM cohort had significantly higher abundance of Actinobacteria (*P* = 0.032) and decreased abundance of Firmicutes (*P* = 0.011). (D) By week 4, microbiota from the MOM cohort had significantly increased abundance of *Bacteroides* (*P* = 0.046), *Bifidobacterium* (*P* = 0.026), and *Enterococcus* (*P* \< 0.001) in comparison to the DM cohort. DM infants had significantly higher abundance of *Staphylococcus* (*P* = 0.014). DM, donor human milk; MOM, mother\'s own milk; PCoA, principal coordinates analysis.](nqz006fig2){#fig2}

As expected and in agreement with earlier studies ([@bib41]), the microbiota in both cohorts underwent dynamic changes over the first 6 wk of life. When comparing longitudinal changes across samples from all study subjects, increasing relative abundance of Proteobacteria was observed ([Figure 2C](#fig2){ref-type="fig"}). Between cohorts, there were no significant differences in relative abundance of microbiota at the phylum level in the first 2 wk of life ([Figure 2C](#fig2){ref-type="fig"}). However, by week 4, Actinobacteria were more abundant in the MOM cohort (*P* = 0.03) and Firmicutes were more abundant in the DM cohort (*P* = 0.01). At the genus level ([Figure 2D](#fig2){ref-type="fig"}), by week 4 MOM-fed infants had increased abundance of *Bifidobacterium* (*P* = 0.026), in agreement with the previously noted increase in Actinobacteria, as well as a higher abundance of *Bacteroides* (*P* = 0.046) and *Enterococcus* (*P* \< 0.001) in comparison with the DM cohort. Conversely, the previously noted increased abundance of Firmicutes among the DM infants was linked to higher proportions of *Staphylococcus* (*P* = 0.014) at the genus level. In addition, with little representation in weeks 1--2, *Clostridium* and *Veillonella* appeared in weeks 4--6.

Additional comparisons were made between the cohorts in terms of other variables that are known to affect microbiota development. The impact of early-life antibiotics (≤48 h after birth) on composition of the gut microbiota from DM- and MOM-fed infants at the genus level is shown in [**Figure 3**](#fig3){ref-type="fig"}. The relative abundance of genera during the first week of life, separated by diet and timing by which antibiotic-exposed infants' stool samples were obtained (before, during, or after exposure to antibiotics), is shown in [Figure 3A](#fig3){ref-type="fig"}. No stool samples in week 1 were obtained before the initiation of antibiotics. Sample sizes are small for this group because most premature infants did not have a stool sample of sufficient quantity during the first week of life. The relative abundance of genera during the second week of life, separated by diet and timing by which antibiotic-exposed infants' stool samples were obtained (before, during, or after exposure to antibiotics), is shown in [Figure 3B](#fig3){ref-type="fig"}. One infant receiving DM had a stool sample obtained in week 2 before initiation of antibiotics and this patient\'s microbiota composition was similar to those obtained in week 2 from the 7 infants receiving DM who never received antibiotics.

![Impact of early-life antibiotics on composition of the gut microbiota from DM and MOM infants at the genus level. (A) Relative abundance of genera during the first week of life separated by diet and timing by which antibiotic-exposed infants' stool samples were obtained (before, during, or after exposure to antibiotics). No stool samples in week 1 were obtained before the initiation of antibiotics. Sample sizes are small for this group because most premature infants did not have a stool sample of sufficient quantity during the first week of life. (B) Relative abundance of genera during the second week of life separated by diet and timing by which antibiotic-exposed infants' stool samples were obtained (before, during, or after antibiotics). One infant receiving DM had a stool sample obtained in week 2 before initiation of antibiotics, and this patient\'s microbiota composition was similar to those obtained in week 2 from the 7 infants receiving DM who never received antibiotics. DM, donor human milk; MOM, mother\'s own milk.](nqz006fig3){#fig3}

Finally, the microbiota in the first 2 wk of life were evaluated based on mode of delivery, because this is another factor believed to affect gut microbiota development (though data remain inconclusive) ([@bib44]). α-Diversity of gut microbiota from DM and MOM cohorts by mode of delivery showed no differences in observed OTUs nor SDI between infants delivered via cesarean delivery and those delivered vaginally; however, sample sizes were small (**[Supplemental Figure 2](#sup1){ref-type="supplementary-material"}**). The relative abundance of selected genera from DM and MOM cohorts by delivery mode is shown in **[Supplemental Figure 3](#sup1){ref-type="supplementary-material"}**A. Both DM- and MOM-fed groups had high rates of cesarean delivery (88% and 82%, respectively), resulting in a very small stool sample size for vaginally delivered infants (especially DM-fed infants: *n* = 5). The analysis of these data, while interesting, is limited in terms of power to assess interactions.

Clinical outcomes {#sec3-2}
-----------------

MOM infants exhibited better growth, as indicated by higher final weight (*P* \< 0.01), length (*P* = 0.03), and head circumference (*P* = 0.02) at 36 wk PMA, as well as greater growth velocity (grams per kilogram per day) (*P* \< 0.01) ([**Table 2**](#tbl2){ref-type="table"}). DM infants were significantly more likely to have weight \<10th percentile and head circumference \<3rd percentile at study conclusion (*P* = 0.03, *P* = 0.03, respectively); these findings and other additional growth data, including *z* scores at 36 wk PMA, can be found in **[Supplemental Table 5](#sup1){ref-type="supplementary-material"}**. MOM infants had lower mean incidences of adverse outcomes than DM infants ([Table 2](#tbl2){ref-type="table"}). In particular, MOM infants had improved feeding tolerance compared with their DM peers, as indicated by a 60% reduction in held feedings per days fed (0.2 ± 0.4 compared with 0.5 ± 1.0, *P* = 0.03 adjusted) and fewer days nil per os after initiation of enteral feeds (1.2 ± 2.7 compared with 2.9 ± 5.8, *P* = 0.04 adjusted). MOM infants also displayed a trend toward requiring fewer days of parenteral nutrition than DM infants (*P* = 0.09 adjusted).

###### 

Clinical outcomes of study infants^[1](#tb2fn1){ref-type="table-fn"}^

                                                                 MOM cohort (*n* = 74)   DM cohort (*n* = 43)   *P* value (unadjusted)^[2](#tb2fn2){ref-type="table-fn"}^   *P* value^[3](#tb2fn3){ref-type="table-fn"}^ (adjusted)
  -------------------------------------------------------------- ----------------------- ---------------------- ----------------------------------------------------------- ---------------------------------------------------------
  Hospital length of stay, d                                     72.5 ± 33.2             88.2 ± 62.2            0.54                                                        0.37
  Weight at 36 wk PMA, g                                         2188 ± 326              2020 ± 320             0.01                                                        \<0.01
  Length at 36 wk PMA, cm                                        43.2 ± 2.2              42.5 ± 2.7             0.27                                                        0.03
  HC at 36 wk PMA, cm                                            30.7 ± 1.8              30.0 ± 1.8             0.13                                                        0.02
  Growth velocity, g · kg^--1^ · d^--1^                          13.6 ± 2.2              12.5 ± 1.5             \<0.01                                                      \<0.01
  Length velocity, cm/wk                                         1.0 ± 0.23              1.0 ± 0.22             0.64                                                        0.95
  HC velocity, cm/wk                                             0.8 ± 0.19              0.8 ± 0.17             0.06                                                        0.47
  Days to final enteral feed volume                              12.4 ± 4.5              13.9 ± 7.0             0.30                                                        0.26
  Days of parenteral nutrition                                   9.6 ± 5.5               12.0 ± 7.8             0.17                                                        0.09
  Number of feeds held per days fed                              0.2 ± 0.4               0.5 ± 1.0              0.03                                                        0.03
  Days nil per os \>12 h after feeds initiated                   1.2 ± 2.7               2.9 ± 5.8              0.02                                                        0.04
  NEC---Stage ≥ IIA,^[4](#tb2fn4){ref-type="table-fn"}^*n* (%)   1 (1.4)                 2 (4.7)                0.55                                                        0.45
  SIP, *n* (%)                                                   0                       2 (4.7)                0.13                                                        0.88
  BPD,^[5](#tb2fn5){ref-type="table-fn"}^*n* (%)                 26 (36.1)               17 (41.5)              0.57                                                        0.09
  Severe BPD,^[6](#tb2fn6){ref-type="table-fn"}^*n* (%)          8 (11.1)                11 (26.8)              0.03                                                        0.32
  Late-onset sepsis, *n* (%)                                     4 (5.4)                 6 (14.0)               0.17                                                        0.36
  Death, *n* (%)                                                 2 (2.7)                 2 (4.7)                0.62                                                        0.27
  NEC, SIP, sepsis, severe BPD, or death, *n* (%)                14 (19.0)               20 (46.9)              \<0.01                                                      0.02

^1^Values are mean ± SD or *n* (%). BPD, bronchopulmonary dysplasia; DM, donor human milk; FiO2, fraction of inspired oxygen; HC, head circumference; MOM, mother\'s own milk; NEC, necrotizing enterocolitis; nil per os, no enteral feeds administered; PMA, post-menstrual age; SIP, spontaneous intestinal perforation.

^2^ *P* values from Wilcoxon\'s rank-sum test for continuous variables and Fisher\'s exact test for categorical variables.

^3^Model adjusted for birth weight, ethnicity, receipt of prophylactic indomethacin, and days of antibiotics in first 14 d of life using linear regression for continuous variables and logistic regression for categorical variables.

^4^Overall NEC (Stage ≥ IIA) among study infants (all exclusively human milk--fed): 2.4% (1.6% surgical NEC).

^5^FiO2 \> 21% for ≥28 d.

^6^Positive pressure or FiO2 \> 30% at 36 wk PMA.

In addition to greater feeding intolerance, DM infants had higher rates of severe BPD (26.8% compared with 11.1%, *P* = 0.03 unadjusted and *P* = 0.32 adjusted) and a higher composite outcome of severe morbidity (NEC, SIP, sepsis, severe BPD, or death; *P* \< 0.01 unadjusted and *P* = 0.02 adjusted). Overall, among both cohorts of infants receiving an exclusively human milk diet there were just 4 cases of serious gastrointestinal morbidity (NEC or bowel perforation), precluding comparative analyses.

Discussion {#sec4}
==========

To our knowledge, this is the first study to directly compare development of gut microbiota in VLBW infants fed primarily MOM with those fed primarily DM in the setting of an exclusively human milk diet (including DM-derived fortifier). Our data highlight several key points. First, the results support our hypothesis that feeding primarily MOM is associated with increased gut microbiota diversity, which has previously been associated with healthier outcomes in VLBW infants such as lower incidence of NEC ([@bib18]). In addition, our data correlate MOM feeding with improved feeding tolerance compared with DM feeding. If MOM could be made available to the vast majority of VLBW infants, even a slight improvement in feeding tolerance could lead to a dramatic reduction in the medical costs related to purchase of alternative formulas (i.e., hydrolyzed and elemental formulas), additional total parenteral nutrition days, and NICU length of stay. The improved growth patterns (weight, length, and head circumference) seen in the MOM cohort are consistent with previously published data demonstrating superior growth with MOM compared with DM ([@bib12], [@bib23]), although our study is one of the first to demonstrate this difference in the setting of an exclusively human milk diet without bovine fortifier supplementation. A particularly striking observation from our data is the significantly increased percentage of DM infants with head circumference below the third percentile at study conclusion. The fact that DM infants had more than double the incidence of extremely small final head circumferences is potentially concerning, because overall head growth is correlated with increased brain mass, and thus poor head growth is a risk factor for adverse neurodevelopmental outcomes.

There are multiple proposed mechanisms for why infants have improved growth with MOM compared with DM. For one, DM is most often provided by mothers of term infants beyond 1 mo of age, who are likely to produce milk with lower protein content than that of mothers of preterm infants ([@bib23]). This could perhaps explain why DM infants not only exhibited decreased weight gain, but in particular higher incidence of final head circumference below the third percentile. Another proposed mechanism is that lipase activity is greatly diminished in milk after Holder pasteurization, which may lead to decreased milk fat absorption among infants receiving pasteurized DM ([@bib12]).

Although our study was insufficiently powered to reveal statistical significance in nearly all of the other reported short-term secondary outcomes, it is striking that the mean rates and incidence for every negative outcome were higher in the DM cohort. Of note, both cohorts of infants fed an exclusively human milk diet exhibited very low rates of NEC---just 2.4% among all enrolled subjects, and only 1.6% for cases of surgical NEC---which prevented us from drawing meaningful conclusions regarding benefits of MOM compared with DM with respect to NEC prevention. In comparison to our low NEC rate, the average rate of NEC for infants \<1500 g was 5% in the Vermont Oxford Network for 2017.

Consistent with the clinical findings, and along with the noted increase in microbiota diversity among MOM infants, we found increased representation of genera that contain beneficial bacteria among infants fed MOM. Specifically, infants fed MOM had significantly increased abundance of *Bifidobacterium* as well as *Bacteroides*, both of which appear to be protective against morbidities such as NEC ([@bib18]). In addition, decreased proportions of *Bacteroides* in the gut have been associated with obesity in murine models and with metabolic syndrome in humans, although it is uncertain whether this association represents causation or is merely an effect of a high-fat diet ([@bib45]). DM-fed infants had an increased relative abundance of Firmicutes, which has also been associated with decreased risk of NEC; however, when comparing the cohorts at the genus level, this appears to be due to increased *Staphylococcus*, a genus that contains pathogenic microbes. *Lactobacillus* was not detected in significant proportions in either cohort at any of the time points investigated, consistent with multiple studies that suggest lactobacilli are not present in appreciable quantities in preterm infant stool ([@bib48]).

Our data also reveal that antibiotic exposure, mode of delivery, and milk source influence gut microbiota development, confirming prior studies. However, our findings further suggest that the impact of these factors varies based on the type of milk that infants are fed. This finding has potentially important clinical implications among VLBW preterm infants. If MOM could consistently protect the gut microbiota from increased colonization or overgrowth of pathogens, and instead promote the growth of beneficial bacteria, the clinical implications would be enormous.

Unexpectedly, we found that the relative abundance of Proteobacteria increased with age. Previous studies in full-term infants note an initially high abundance of Proteobacteria that decreases with age. However, a similar increase in Proteobacteria has been reported previously in extremely low BW infants ([@bib50]). Perhaps this finding reflects the unique circumstances affecting this population, such as high rates of early antibiotic exposure, prolonged periods of minimal to no enteral feeding, and nosocomial microbes in the NICU setting, among many other factors.

Strengths of this study include the large sample size relative to prior published studies on preterm gut microbiota, the longitudinal design that permitted multiple microbiota assessments over time, and the specific focus on preterm infants fed an exclusively human milk diet (including DM-derived human milk fortifier), which allowed for a direct comparison of MOM and DM (without confounding effects from bovine formulas or fortifiers). This makes our study distinct from previously published studies that investigated the effects of diet on microbiota or clinical outcomes in VLBW infants, because they typically included infants fed formula or bovine-based human milk fortifier added to MOM or DM.

Owing to the study\'s observational design, we were unable to account for confounding variables and other potential sources of bias. These include unmeasured variables such as maternal chorioamnionitis and multiple gestation. In addition, the observational design rendered us unable to avoid the discrepancy in the proportion of DM compared with MOM infants who received prophylactic indomethacin in the first few days of life, despite nearly identical mean gestational age and BW between the 2 groups. Given there was a defined institutional protocol that addressed which infants qualified for indomethacin treatment, it is unclear why DM infants received prophylactic treatment more frequently. We cannot exclude the possibility that this difference contributed to some of the microbiota differences, given that pharmacologic agents and gut microbes can interact with and modify one another ([@bib52]), and adjusting for this difference was the primary reason we analyzed the data via multivariable regression in addition to bivariate analysis. In addition, we were able to categorize stool samples obtained in the first 2 wk of life in relation to exposure to antibiotics; however, the sample sizes were small in the first week of life because of an insufficient amount of stool samples related to infants' prematurity, which limited the power to detect statistical differences.

Future studies will seek to characterize the MOM microbiome in the context of mother--infant dyads as lactation progresses over the first few weeks of life. Other studies might seek to examine the microbiota from all infants regardless of projected survival (i.e., including infants born at 22-24 weeks gestational age), because these extremely vulnerable neonates might have the most to gain from therapies that help the gut microbiota mature. Finally, future studies may further investigate the role of microbiome-targeting therapies for VLBW infants, especially for those most at risk for alterations in diversity of the microbiota.

Conclusion {#sec5}
==========

MOM- and DM-fed infants have significantly different microbiota at the phylum and genus levels by 4 and 6 wk of life, with increased microbial diversity and prevalence of taxa containing potentially beneficial microbes among MOM-fed infants. Although microbiota development is also affected by factors including antibiotic exposure and mode of delivery, our data suggest that microbiota among infants fed MOM respond differently to these factors compared with infants fed DM. MOM feeding is associated with improved feeding tolerance and may be associated with overall decreased severe morbidity. MOM-fed infants had improved weight gain from birth to 36 wk PMA compared with DM-fed infants. These findings further support efforts to provide robust lactation support to mothers of critically ill infants in the NICU.
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